INTRODUCTION
The solubility of heavy and light water in certain organic solvents is quite different. This isotope solubility effect is related to the isotope separation effect encountered in a two-phase system containing a mixture of light and heavy water in equilibrium with an organic compound. It has not been possible, however, to make immediate predictions about the one effect in terms of the other. In this paper an equation is developed which permits such a prediction. By applying this equation to different systems it is shown what order of magnitude of isotope separation effects is, in general, to be expected. It should be noted that these effects are distinguishable from those that may result from chemical exchange between the organic component and the water.
The following treatment is a generalization and revision of a previous studyl of the ternary system, triethylamine, water and heavy water.
BASIC THEORY
At equilibrium the chemical potential, flh of any chemical species present in the system is the same in the two phases, distinguished by a single prime and a double prime, i.e.
(1)
Additional relations applicable to any one of the phases are (a) the Gibbs-Duhem equation: (2) where Xj represents the mole fraction, and where the pressure is kept constant, and (b) equations referring to chemical equilibria between the species, represented by (3) where 1/ vk and 1/ vz are stoichiometric factors.
The ternary system is determined (at constant pressure) by fixing the temperature and two composition variables. The relations represented by equation (3) may thus be used to eliminate all but three chemical potentials in equation (1) or (2) . It is more convenient, however, when rapid chemical exchange takes place in the system, to retain at this stage the fully deuterated organic component (DvA) as a separate species. Equations (2) 
without effecting chemical exchange according to (5) .
As independent variables it is most convenient to choose the isotopic composition of the water, y, and the total water concentration, x (both mole fractions), so that:
For systems at equilibrium, y' and x' are arbitrarily chosen as independent variables.
Changes in chemical potential, as occurring in equations (1), (4) and (5), may be written
8x 8y 8y (9) It is possible to eliminate all potendals of one phase by writing equation (1) in the form: (10) and introducing equation (4) . Substitution according to (8) then leads to the expression :
Equations (9) and (11) in fact, each represent three equations, describing changes through equilibrium states, in whichy', x' or T, respectively, are kept constant. When dy' = 0 these relationships represent equations for the solubility curves. When dx' = 0 or d T = 0, they may be used, as will be shown later, for the calculation of isotope effects.
TWO-PHASE LIQUID SYSTEMS CONTAINING WATER

APPROXIMATIONS
The chemical potential, !L, may be split into a concentration term and an activity coefficient term. When chemical exchange between the organic component and the water is included as in equations (4)- (6) , it is possible and convenient to take into account in the concentration terms, the existence of only three water species, H20, D20 and DHO, and of only v organic component species (analogous to the water species), while any other interaction is included in a simple way in the activity coefficient terms. It can be shownl, on the basis of equation (3) 
One may define for the organic species (cf. equation (7)) XDA = YaXa and XHA = (1 -Ya)xa and it may be shown that (for dT = 0)
The partial derivatives in equations (9) and (11) may be written in terms of (13) and (15). Thus, for the deuterated components 
and, if (8 In Yafox)y is neglected, whereby second-order errors only are introduced, and 8ln (1 -x)fnA 8x
RT oy
Ya oya dy
The derivatives of the non-deuterated components are similar. Expressions for the isotope separation effects 
may now conveniently be obtained by combining the four equations represented by equation (9) as follows ( written in terms of (1))
and introducing the reiations obtained in equations (16)-(19).
The final expressions obtained may be written in the form:
and
ox dya e q. 8ya 
(26 assuming the isotope separation effects to be so small that differences between y' and y" ( or Ya' and Ya") may be neglected when these expressions are inserted into equations (23) and (24). Superscripts over dy and dya may, for the same reason, be omitted. I!!Hw and ~!!HAare partial molar enthalpies of mixing.
2.3
In the numerical calculation of ßw and ßa either x' or T is kept constant. The similarity between solubiiity curves corresponding to differing isotope compositions, in the sense that any curve may be obtained simply by a vertical displacement of any other (see Figures 1-3 ), serves to show that , (dT) (dT) dx" = 0 for dx = 0 and that d , = d "
The linearity between dispiacement and isotope composition, as found by Patterson for the phenol 2 and n-butyric acid3 systems (see also ref.
where Td-Th is the vertical distance between the solubility curves ofthe two binary systems, containing pure heavy and light water.
For the calculation of the enthalpy terms in equations (23) respect to water content, x, may be obtained from a:vailable vapour pressure data for the pure light water-organic component system, neglecting small differences due to the presence of deuterium compounds.
A determination of the contribution of the derivatives with respect to isotope composition still has to be made; great accuracy in this determination is not possible but a rough estimate may be obtained as will be shown in the following treatment. Td -Th = 5°C; x is mole fraction of water; data from refs. 1 and 4 I
2.4
The mixing of a solution of x moles of D20 and (1 -x) moles of deuterated organic component with a solution of x moles of H20 and (1 -x) moles of ordinary organic component in any proportion is a process which may be assumed to be ideal, that is to say (neglecting differences between y andya) 0 oy (x lnfn + (1 -X) lnfnA) = 0 and
Each term within the parentheses may vary withy and this variation must be known or at least its order of magnitude estimated.
In systems without chemical exchange fnA and /HA refer to the same species and the following relation is obtained directly:
where o In fA/oy to a first approximation may be taken as ln(/Ad/JAh) i.e the difference between In JA for the two binary systems containing pure heavy and pure light water, respectively; this difference manifests itself in the relative shape of the two corresponding solubility curves, as will be shown later (equation 37). 
or, to be more precise, the sums of the two terms (which also appear in equations 25 and 26) aresmall compared with lnfnct/fHh and lnfnAct/fHAh, respectively, where d and h, as above, refer to the binary systems. Since the order of magnitude of the latter terms, as mentioned above, may be estimated, the maximum contribution of 8 ln f/ oy to the isotope separation effect may also be estimated. The approximation introduced by (31) is justified only in cases where the interaction of one organic component molecule with another is determined to a large extent by the exchangeable hydrogen atom(s) but this will generally be the case since easily exchangeable hydrogen atoms are likely to exhibit extensive hydrogen-bonding.
An estimate of lnfnct/fHb; and lnfnAct/fHAh
It has been pointed out by Kohler5 that the free energy of mixing, ß.G, of the binary systems ( or for that matter of any of the intermediate systems in which y is kept constant) may be obtained from solubility curves and enthalpy data on the basis of equation (11) (dy = 0). In other words, for the _present purpose, a comparison between data for the two binary systems may in principle Iead to an estimate of the values of the terms in question. Equation (11) may be written, when equations (25) and (26) and the Gibbs-Duhem equation are introduced, in the following form:
where y may have any value but which in the present case is either zero or one. Introducing total instead of partial derivatives Ieads to
where ß.H is the integral enthalpy of mixing. The critical composition of the two systems is not very different and according to equation (33) d In (1 -x')JA' jdx' = 0 at the critical point.
Hence at the same temperature here, N is the difference between the right-hand side of equation (33) for the pure heavy water system and that for the pure light water system. There is no way ofjudging the relative importance ofthe terms in equation (36) at temperatures considerably removed fröm the critical temperature, because the difference ö.Hct -6.Hh (where d and_h refer to)he above two systems)
which cannot be neglected here, is not known and d(Tct -Th)/dx' must be known with great accuracy in order that the contribution of N may be estimated. x" and x' which also appear in (33), seem to be sufficiently independent of y' (see equation 27). It is, however, to be expected that In fnAct/fRAh, which is zero at x = 0 is steadily increasing with x, so that extrapolation of the term in equation (34) to x = 0 (where it should be zero) followed by integration should give:
near the solubility curve. Due to the generally low solubility of organic components in water, In /nd//Hh in the organic phase may be ·obtained directly from equation (1) and, as is readily seen, the result /nct
Td-Th
In fHh = -RT2 b.Hw (38) is similar to equation (37), so that by analogy one might expe~t that this relation also has some experimental foundation.
The two relations together are, however, seen to imply that 6.Gct/Tct at T d is identical to ßGh/ T h at T h for which there appears to be no theoretical basis. Nevertheless, the above relation is thought to give some idea about the probable magnitude of the term in question.
FINAL EQUATIONS
On the basis of the foregoing discussion it is now possible to write down final equations which can be used directly for the calculation of the isotope separation effects.
x' ( and x") constant
Equations (23) and (24) read ( on insertion of equations (27) and (28)) It may be shown that combination of equations (40) ßw -y(l -y) -
where ß.H is the integral enthalpy of mixing. This is a relation which may also be obtained directly from equation (11) Figures 5 and 6 , 20 per cent of these deviations are ( arbitrarily) shown as probable errors. Figures 4-6 , indicate that the uncertainty is probably of about the same order of magnitude as the calculated effect, so that the expressions developed are useful in so far as they provide upper limits to the isotope separation effects to be expected. The experimental evidence in the case of the triethylamine system (Figure 4 ) is in agreement with this conclusion; the agreement may be even better than shown since the discrepancy at higher temperature may well arise from experimental errors. 
3.1.3-The results, as shown in
+0·05
where e.g. It should be noted that thesederivatives represent averages of derivatives and not derivatives of averages. This is important since the latter would be close to ln XdJDd' -ln xhJ'Hh' (where Xd/Xh is the solubility ratio) which is almost zero, while the former has an additional term, -lnfn'/fH'· In equation ( 45) the superscript ' should be taken to refer to the organic phase; the opposite choice would make the result emerge as a small difference between two rather large figures, since the value of ln fAd/fAh increases with x. In this connection, it should be noted, that when vßa = 0, both derivatives in equation ( 42) are negative although dx'fdy and dx" fdy are of opposite sign. In this case, the two derivatives in e.g. equation (42) must be of opposite sign so that, in both systems studied, ßwa > 0 at all temperatures. The n-butyric acid data ( Figure 6 ) are not in agreement with this conclusion, because, as may be shown, the enthaipy data are inaccurate. A small displacement of a point of inflexion on the enthalpy curve towards greater vaiues of x will rectify the error and at the same time give rise to isotope effects of about the same order of magnitude as that shown but of opposite sign.
3.2.2-For
COMPARISON WITH OTHER TWO-PHASE SYSTEMS
Far removed from the critical temperature the solubility of the organic component, (1 -xw) is usually small, so that from equations ( 45) and ( 42) yw -ya (d lnfwaxa)
which is seen to be analogous to the Duhem-Margules equation relating the total vapour pressure of a binary soiution of D20 and H20 to the difference in composition of the vapour and liquid phase. Equation (39) (applied to systems with chemical exchange) is also simpler when xw ~ 1 :
The same result is obtained from equation (41) when xa becomes so small that ß.Hwa is the principal component of ßHa.
Equation (47), where ß.Hwa corresponds to the heat of evaporation, is similar to the equation relating the boiling point difference of a binary mixture of D 2 0 and H 2 0 to the difference between vapour and liquid compositions.
DISCUSSION
Equation (47) represents the largest isotope effect that may be encountered in the system. As the critical solution temperature is approached the effect becomes proportional to the enthalpy difference between the two phases, so that it decreases and become'3 zero at the critical temperature.
The behaviour of the different factors in equation ( 45) 
It is clear from the figures that such effects bear little or no relation to experimental behaviour. It will be noted that there may be a difference in the order ofmagnitude between the two isotope effects observed in a given system. The relationship between ßw and ßa may also be obtained directly from equations (13) and (15).
CONCLUSION
The three examples used here for calculation are typical of systems with critical solution temperatures: The triethylamine system has a lower critical solution temperature, so that ~S < 0 and ~H = ~G + T~S < 0 has a large negative value. The phenol system has an upper critical solution temperature, so that ~S > 0. ~S is greater than the statistical value and ~His fairly large and positive. The n-butyric acid system also has an upper critical solution temperature. LlSis not much greater than the statistical value; the maximum value of ~His about the same as in the previous case.
All three systems show comparatively large displacements of the solubility curves with changing isotope composition, a fact which is undoubtedly a result of the important röle played by hydrogen-bonding in all three mixtures. Since this type of interaction is more specific than ordinary van der Waals'forces, isotope substitution in such cases has a relatively large effect on the solution properties.
More Tct -Th data are availablelo, and heats ofsolution which may be used to calculate maximum effects according to equation ( 47) are tabulated for many systems. On the basis of such experimental evidence, it is possible to draw the conclusion that deuterium solution separation effects of the type treated here are often smaller than, and probably never exceed, the value of effects encountered in vapour-liquid systems. This also seems tobe a very reasonable result since it is difficult to explain how the interaction between molecules in a liquid which is weak in comparison with a true chemical bond can be specific enough to create a large isotope separation effect.
